2 Adapted from Rezac et al. (2014b) . Data collected at commercial packing plants in Kansas and Texas. 3 Adapted from Rezac et al. (2014a) . Data collected at a commercial packing plant in the Great Lakes region.
INTRODUCTION
Liver abscesses are the primary liver abnormalities of feedlot cattle recorded at the time of slaughter (Brown and Lawrence, 2010) . According to the most recent National Beef Quality Audit Report, 20.9% of livers were condemned at slaughter, and liver abscesses accounted for approximately two-thirds of liver condemnations (McKeith et al., 2012) . Feeding of high-grain-based finishing diets may result in Liver abscesses in cattle: A review of incidence in Holsteins and of bacteriology and vaccine approaches to control in feedlot cattle 1,2
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Department of Diagnostic Medicine and Pathobiology, Kansas State University, Manhattan 66506-5800 ABSTRACT: Liver abscesses are the primary liver abnormality of feedlot cattle at slaughter. The incidence of liver abscesses is highly variable, but generally ranges from 10% to 20%. The incidence of total and the proportion of severely abscessed livers (A+) are greater in Holsteins fed for beef production and culled dairy cows than in beef breeds. The reason for the greater incidence of liver abscesses in Holstein steers is not known, but one of the reasons is likely because of increased days on feed. The high prevalence in cull cows is likely because no specific intervention, such as use of tylosin in the feed, is approved for use in dairy cows. Liver abscesses are generally a sequela to ruminal acidosis and rumenitis in cattle fed diets high in readily-fermentable carbohydrates and low in roughages; thus, the term "acidosis-rumenitisliver abscess complex." Liver abscesses are almost always polymicrobial infections with Gram negative anaerobes constituting the predominant flora. Almost all studies have concluded that Fusobacterium necrophorum, a ruminal bacterium, is the primary causative agent and Trueperella (formerly Arcanobacterium) pyogenes is the secondary pathogen. A limited number of studies have been done on the bacterial flora of liver abscesses of culled dairy cows and Holstein feedlot steers. A recent study has reported on isolation of Salmonella from liver abscesses of Holstein cattle. The control of liver abscesses in feedlot cattle has depended on the use of antibiotics, particularly tylosin, in the feed combined with sound nutritional management to minimize occurrence of acidosis and subsequent rumenitis. Although there is no evidence of resistance development in F. necrophorum, the future of tylosin use as a feed additive in feedlot cattle is uncertain. Regardless, beginning January 2017, the use of tylosin in feedlot cattle for the prevention of liver abscesses will be under veterinary oversight. Although tylosin is widely used in the feedlot industry, there is considerable interest in evaluating antibiotic alternatives, such as essential oils and vaccines, to control liver abscesses. Because liver abscess is a bacterial infection and the pathogenicity and virulence factors of F. necrophorum have been studied widely, there have been considerable interest and efforts to develop an efficacious vaccine. The 2 antigens that have been targeted for vaccine production are leukotoxin and outer membrane proteins of F. necrophorum. chronic acidosis and rumenitis, which predispose cattle to the development of liver abscesses (Brent, 1976; Nagaraja and Chengappa, 1998) . Although liver abscesses are primarily a problem of feedlot cattle, they have been reported in dairy cows (Nagaraja, 2000; Doré et al., 2007) , other ruminants (Santa Rosa et al., 1989; Tehrani et al., 2012) , camelids (Aljameel et al., 2014) , and even in monogastric animals (Rumbaugh et al., 1978; Zicker et al., 1990; Sellon et al., 2000) . Liver abscesses have a significant economic impact in the feedlot cattle industry, and the impact is highly dependent on the severity of liver abscesses. Based on the number and size of abscesses, liver abscesses are scored on a scale of 1 to 3, or as A-, A, and A+ (mild to severe, respectively), traditionally referred to as the Elanco Scoring System (Brown et al., 1975) . Generally, liver abscesses with a score of A-(1) or A (2) do not have a measurable effect on cattle performance and carcass attributes (Brink et al., 1990; Davies et al., 2007; Brown and Lawrence, 2010) . In a study on the association of liver abscesses with cattle performance, carcass grading, and value, Brown and Lawrence (2010) have shown that the greatest impact was in cattle with A+ liver abscesses, particularly those that had adhesions to the diaphragm or abdominal organs. The objectives of this review are to provide an update on liver abscesses in cattle with emphasis on incidence in dairy cows and in Holstein steers fed for beef production, and on bacteriology and vaccine approaches to control liver abscesses in feedlot cattle.
INCIDENCE
The incidence of liver abscesses is highly variable, ranges from a low of 0% to 1% or 2% to a high of 60% to 80%, and in recent years, the incidence has ranged from 10% to 20% (Table 1; Brown and Lawrence, 2010; Rezac et al., 2014a) . The incidence is influenced by a number of factors such as diet (amount of forage, forage type, grain type), days on feed, cattle type (feedlot cattle or dairy cows), breed (beef breeds vs. Holsteins), gender (steers vs. heifers), geographic location, and season (Nagaraja et al., 1996b; Reinhardt and Hubbert, 2015) . Elanco Animal Health (Greenfield, IN) has been collecting annual incidence of liver abscesses in major packing plants for the past several years as a part of customer service to support feed yards in managing liver abscesses. The average annual incidence of total liver abscesses in the past 10 yr (2004 to 2014) in Elanco-checked cattle by gender and cattle type (beef heifers and steers and Holstein steers) are shown in Fig. 1 . The data have consistently shown that the incidence of liver abscesses is greater in steers than heifers among beef breeds and greater in Holsteins fed for beef production than beef breeds. A 10-yr average of liver abscesses in Elanco-checked cattle is 13.9%, 16.0%, and 28.3% in beef heifers, beef steers and Holsteins, respectively. A slightly greater incidence of liver abscesses (1% to 3%) in steers than heifers of beef breeds is believed to be related to feed intake. Steers generally consume more DM (1% to 3%) than do heifers, and heifers tend to mature and finish earlier than do steers of comparable BW (DeHaan et al., 1995) . Over the past 5 to 6 yr, a slight increase in the incidence of liver abscesses in beef breeds and a trend for a more pronounced increase in Holstein steers were observed (Fig. 1) . The reason for the increased trend is not known.
Liver Abscesses in Feedlot Holstein Steers
In the U.S., it has become increasingly common to raise Holstein bull calves for entry into the feedlot production systems. Generally, Holstein bull calves are separated from their dams after 1 or 2 feedings of colostrum and raised in hutches at calf ranches, which makes preparation for entry into the feedlot markedly different from that of conventional beef breed calves (Maas and Robinson, 2007) . Liver abscess data collected by the Elanco Liver Check System have shown that the incidence of liver abscesses in Holstein feedlot steers varies in different regions of the U.S. Holstein steers from feedlots in the Central and Northern Plains have a greater incidence than steers from feedlots in the Midwest, Northwest, and Southwest (Reinhardt and Hubbert, 2015) . Interestingly, of the total abscesses, the proportion of A+ abscesses and abscesses with adhesions to diaphragm and visceral organs is greater in Holstein feedlot steers than in beef breeds (50% to 60% vs. 30% to 40% of the total abscesses, respectively). Because of greater incidence of A+ abscesses, the impact of liver abscesses on cattle performance and carcass yield, grade, and value is likely to be greater in Holsteins compared with beef breeds. However, there has been no study published on the comparative impact of liver abscesses on cattle performance in Holstein feedlot steers. The reason for the greater incidence of liver abscesses in Holsteins is not known, but the most obvious reason given is increased days on a highenergy diet (300 to 400 d in Holsteins compared with 120 to 150 d in beef breeds; Vogel and Parrott, 1994; Duff and McMurphy, 2007) . Also, Holstein steers have a greater daily or total feed intake (on an average, up to 12% greater) than beef breeds (Hicks et al., 1994) . The greater intake is attributed to a high maintenance energy demand because of a greater proportion of gut and organ tissue. Holsteins have a larger body frame because of genetic selection for high milk production (Nagaraja et al., 1996b) . However, days on feed or greater feed intake does not explain the regional differences in the incidence of liver abscesses in Holsteins. Holstein steers raised in feedlots have been observed to have habits and behavior different than that of beef breeds but much of these are anecdotal and not well documented. Eng (2005) outlined the following features of Holsteins that are different from beef breeds: 1) Holsteins are easily bored and, therefore, may groom more and sort feed; 2) Holsteins have greater death loss and higher incidence of metabolic diseases, such as acidosis and bloat; and 3) Holstein pens are wetter because of greater water intake and urination. It is possible that the differences in behavior or feeding habits (sorting of feed, grooming, wetter pens) could be contributing factors for the greater incidence of liver abscesses. For example, Holsteins have a tendency to groom more than beef breeds, which may increase ingestion of hide hair. Penetration of hair into the ruminal wall may pave a path for bacterial entry to cause ruminal abscesses. The difference in hair structure between cattle and sheep is often cited as the reason for the low prevalence of rumenitis in grain-fed sheep compared with cattle (Fell et al., 1972) . Fell et al. (1972) also reported that inclusion of cattle hair in high-grain diets fed to sheep resulted in an increase in the prevalence of rumenitis and liver abscesses. Another theory for greater incidence, particularly of the increased severity (A+ abscesses), is that the bacterial flora, qualitatively or virulently, of liver abscesses of Holsteins may be different from that of beef breeds. Again, there has been no published study that has compared the flora of liver abscesses between Holsteins and beef breeds.
Liver Abscesses in Dairy Cows
Dairy cows are predisposed to ruminal acidosis and subsequent rumenitis because of increased intake of energy-dense diets and rapid dietary changes associated with pregnancy and lactation. Generally, cows are switched from high-forage diets prepartum to a high-energy, low forage diet postpartum to meet energy demands of lactation. The change often includes a switch from hay to silage or pelleted forages. Lactating cows are more prone to subacute or subclinical ruminal acidosis during the first 30 to 35 d of lactation, but ruminal damage happens more gradually and is due to increased ruminal concentration of VFA (Dirksen et al., 1985; Plaizier et al., 2008) . Doré et al. (2007) reported on clinical findings of liver abscesses in 18 Holstein cows collected over a 12-yr period in a veterinary teaching hospital. Abscesses were diagnosed by either ultrasound examination or during an exploratory laparotomy. Liver abscesses were associated with other diseases such as peritonitis, vagal indigestion, traumatic reticuloperitonitis, abomasal displacement, pneumonia, and enteritis. Most of the information on the incidence in dairy cows is based on the data collected from slaughtered culled cows originating from dairies. The culling of cows that are no longer productive is a widely practiced strategy in dairies, and sale and slaughter of such cows contribute significantly to the beef supply. In 2014, dairy cows accounted for 9.5% of the total cattle slaughtered in USDA-inspected slaughter houses (USDA, 2015). Rezac et al. (2014b) have reported on the prevalence and severity of liver abscesses in culled dairy and beef cows that originated from the Great Lakes and northern Midwest regions of the U.S. Of the 1461 cows examined at slaughter, over the course of 3 visits to an abattoir, 87% were classified as Holsteins and more likely to have originated from dairy farms. Thirty-two percent of cows (469/1,461) were observed to have abscesses in the liver and over one-half of those with liver abscesses (58% of the total) were categorized as A+ (Table 1 ) and a vast majority of those (90%) were observed with at least one abscess adhered to the diaphragm, abdominal wall, or other visceral organs. The increased prevalence of total and A+ liver abscesses in cull cows compared with feedlot cattle is likely because no specific interventions, such as use of tylosin in the feed, that control of target liver abscesses are available for use in dairy cows.
PATHOGENESIS
Liver abscesses are considered generally as a sequelae to ruminal acidosis and rumenitis in cattle fed diets high in readily-fermentable carbohydrates and low in roughages, thus, the term "acidosis-rumenitisliver abscess complex." The first observation of a relationship between liver abscesses and ruminal lesions in feedlot cattle was made by Smith (1944) , which was later confirmed by Jensen et al. (1954) . In a recent study on the relationship between rumen health scores and liver abscesses in beef cattle at slaughter, Rezac et al. (2014a) observed that 32% of cattle with mild or severe rumenitis had liver abscesses compared with 19% of cattle with healthy ruminal walls. However, not all studies have shown an association of liver abscesses with ruminal lesions (Wieser et al., 1966) . Acid-induced rumenitis and damage of the protective surface usually are associated with a sudden change to high-energy diets and other dietary indiscretions, such as a change in feeding patterns, letting cattle become overly hungry, feeding unpalatable diets, and feeding very little roughage or penetration of foreign objects (Elam, 1976) . Because Holstein feedlot steers are on a high-grain and low-roughage diet for an extended period of time (> 300 d), they are likely to have greater incidence of rumenitis, which could explain the greater incidence of liver abscesses. However, there has been no published study on the incidence of rumenitis and comparative appearance and pathology of ruminal epithelium between Holstein feedlot steers and beef breeds. A recent study (Rezac et al., 2014b) on gross pathologic conditions in cull cows at slaughter showed that 64.8% of rumens examined had normal appearance and papillary structure, whereas the remaining had mild (25.1%) to severe rumenitis (10%).
The most common ruminal lesions were parakeratosis, blunted papillae or denuded areas of epithelium, and in more severe cases, ulceration and scar tissue formation (Rezac et al., 2014b) .
Other portals of entry of bacteria into the liver parenchyma to set up infection include hepatic artery, the umbilical vein (in neonatal calves), and the biliary tree (Kelly, 1993) . In dairy cows, traumatic reticuloperitonitis, caused by sharp metallic objects lodged in the reticulum and perforating through the reticular wall, is often a predisposing factor for liver abscesses. Local peritonitis resulting from bacterial entry through perforated epithelium could extend into the liver to set up abscesses. Because dairy cows usually reach an older age than feedlot cattle and are fed in a confined area as compared with pasture grazing, there is an increased chance of these animals experiencing traumatic reticuloperitonitis (Grohn and Bruss, 1989) . Occasionally, caudal vena caval thrombosis can be caused by the erosion of hepatic abscesses into the caudal vena cava causing sudden death in cattle (Rebhun et al., 1980) . In most cases, varying degrees of pulmonary artery thrombosis, pulmonary infarction, suppurative pneumonia, congestive right heart failure, endocarditis, hemoptysis, and epistaxis may occur, resulting in what is commonly known as "caudal vena caval thrombosis syndrome" (Gudmundson et al., 1980) .
BACTERIOLOGY
Liver abscesses are almost always polymicrobial infections with Gram negative anaerobes constituting the predominant flora (Scanlan and Hathock, 1983; Nagaraja and Chengappa, 1998) . Almost all studies have concluded that Fusobacterium necrophorum is the primary causative agent. The second most frequently isolated pathogen is Arcanobacterium pyogenes (Scanlan and Hathock, 1983; Lechtenberg et al., 1988) . The organism is now named Trueperella pyogenes because, phylogenetically, the genus Arcanobacterium consisted of 2 distinct groups that differed in 16S rRNA signature nucleotide sequences and menaquinone and phospholipid compositions (Yassin et al., 2011) . The A. pyogenes group was placed as members of a new genus Trueperella (named after Hans Georg Trüper, a German microbiologist). Additionally, a number of other anaerobic and facultative bacteria including Bacteriodes spp., Clostridium spp., Escherichia coli, Klebsiella spp., Enterobacter spp., Mobilincus spp., Pasteurella spp., Peptostreptococcus spp., Porphyromonas spp., Prevotella spp., Propionibacterium spp., Staphylococcus spp., Streptococcus spp., and many unidentified Gram-negative and Gram-positive bacteria have been isolated from liver abscesses of feedlot cattle (Scanlan and Hathock, 1983; Nagaraja and Chengappa, 1998; Nagaraja and Lechtenberg, 2007) .
A limited number of studies have been done on the bacterial flora of liver abscesses of dairy or cull cows and Holstein feedlot steers. Purvis (2006) has reported on the bacterial flora of liver abscesses collected from culled dairy cows at slaughter. Fifty-seven livers with abscesses were collected from a slaughter house in Pennsylvania over a period of 15 wk from July 2000 to October 2000. Twenty-nine abscesses were from cows with reticuloperitonitis based on obvious signs of puncture in the reticulum, and 28 abscesses with no evidence of reticuloperitonitis were assumed to have originated because of ruminal acidosis and subsequent rumenitis. In both types of abscesses, F. necrophorum and T. pyogenes were the primary and secondary pathogens, respectively (Table 2) . Doré et al. (2007) reported on bacterial isolations from the pus collected from abscesses of 11 of 18 Holstein cows that were diagnosed by ultrasonography or exploratory laparotomy in the veterinary clinic. Only aerobic culture was done from 2 abscesses and both yielded no growth. Both aerobic and anaerobic isolations were done from 9 abscesses. Anaerobic bacteria were obtained from 7 samples and included F. necrophorum (n = 2), Bacteroides spp. (n = 2), Peptococcus spp. (n = 1), Peptostreptococcus spp. (n = 1), and unidentified Gram-positive cocci (n = 1). The most common aerobic bacteria isolated was T. pyogenes (n = 4).
In a recent study, 10 liver abscess samples collected at slaughter from Holstein steers that originated from a single feedlot in the Midwest were subjected to anaerobic and aerobic bacterial isolations (Amachawadi and Nagaraja, 2015) . Fusobacterium necrophorum was isolated from all ten abscesses (100%) and T. pyogenes was isolated from 4 abscesses (40%). Interestingly, Salmonella enterica was also isolated from all 10 samples from inoculated blood agar plates that were incubated anaerobically. This was the first report on the isolation of Salmonella enterica from liver abscesses of cattle. However, there are reports of Salmonella isolation from liver abscesses in humans (Chaudhry et al., 2003; Qu et al., 2013) . Isolation of Salmonella by anaerobic culture method is not surprising because it is well known that Salmonella are capable of robust growth under anaerobic conditions (Yamamoto and Droffner, 1985) . In fact, Salmonella grown anaerobically was more invasive and virulent, and adhered better to mammalian cells compared with aerobically-grown cells (Lee and Falkow, 1990; Schiemann and Shope, 1991) . Serotyping done by the National Veterinary Services Laboratories (Ames, IA) identified the liver abscess strains as S. enterica subsp. enterica 6,7:g,m,s:e,n,z15, a novel serotype. The antigenic designation of the 10 liver abscess strains was exactly same as the 2 novel strains of Salmonella, isolated from lymph nodes of slaughtered cattle (Gragg et al., 2013) . The novel serotype is now named Lubbock, and has been shown to be closely related to the serotype Mbandaka (Bugarel et al., 2015) . Interestingly, the pulsed-field gel electrophoresis (PFGE) banding patterns of the 2 Lubbock strains from lymph nodes were 100% identical to the banding patterns of the 10 liver abscess strains (Fig. 2) ; however, the identical banding pattern may not necessarily mean that the lymph node strains are related to liver abscess strains. Although PFGE is routinely used to assess strain relatedness in outbreak investigations of food-borne pathogens, in the case of Salmonella, at least with some serotypes, PFGE has proven to be serotype-specific and not strain-specific (Zou et al., 2010) . It is not known whether S. enterica is one of the etiologic agents or a secondary invader into an abscess initiated by F. necrophorum, via lymph or blood, and survived. The plausible hypothesis is that Salmonella present in the gut could cross the gut epithelial barrier, most likely in the small or large intestine, to gain access via lymph to the portal circulation, and get filtered by the portal capillary system of the liver to initiate infection. Further studies are needed to determine the prevalence and importance of Salmonella in liver abscesses of cattle.
Fusobacterium necrophorum
Fusobacterium necrophorum, identified as an animal and human pathogen in the late 1880s, is a Gramnegative, rod-shaped, or pleomorphic bacterium (Langworth, 1977) . The bacterium is an aerotolerant anaerobe (Tan et al., 1992) . Fusobacterium necrophorum has also been identified as the primary pathogen in necrotic laryngitis (calf diphtheria) and in foot rot and foot abscesses in cattle (Emery et al., 1985; Tan et al., 1996) . The organism is also considered to be one of the primary pathogens associated with uterine diseases (puerperal metritis and endometritis) in dairy cows (Bicalho et al., 2012) . In humans, F. necrophorum causes sore throat (pharyngitis) and tonsillitis, more often in young adults (Ludlam et al., 2009 ), which in rare occasions leads to a complication called Lamierre's syndrome (Kuppalli et al., 2012) . In fact, fusobacterial infection of the throat is considered to be second only to group A streptococci (Amess et al., 2007) . A draft genome sequence of a liver abscess isolate of F. necrophorum has been published (Calcutt et al., 2014) . The genome size is 2.09 Mb, which is within the range (1.96 to 2.3) reported for human strains of F. necrophorum. Annotation of the sequence identified 1990 genes, including 1907 open reading frames, 48 tRNA, and 20 rRNA (Calcutt et al., 2014) .
Fusobacterium necrophorum is part of the normal gastrointestinal, respiratory, and urogenital flora of (Amachawadi and Nagaraja, 2015) and from lymph nodes of cattle at slaughter (Bugarel et al., 2015) .
animals and humans, as well as a soil bacterium. The organism is a normal inhabitant of the rumen, and its fermentative role is to utilize lactic acid to produce VFA and breakdown feed and rumen epithelial proteins and amino acids. The organism is also considered to be a major lysine degrading bacterium in the rumen (Russell, 2006; Elwakeel et al., 2013) . Ruminal concentration of F. necrophorum is low (< 10 6 ), but is greater in cattle fed grain-based diets compared with roughage-based diets (Tan et al., 1994) . This is likely to be due to increased lactate availability from the high-grain diet. Therefore, conditions that lead to lactate accumulation, such as acute acidosis, should promote proliferation of F. necrophorum. Because lactate accumulation decreases ruminal pH (< 5.5), fusobacterial growth is inhibited (Coe et al., 1999) . Despite this, ruminal acidity remains a predisposing factor because the ruminal wall is more likely to permit entry and colonization by F. necrophorum after acid-damage. Fusobacterium necrophorum also forms a part of the flora that adheres to the ruminal wall because of its aerotolerance and ability to grow at physiological pH. The adhesion has been shown to be mediated by outer membrane proteins (Kumar et al., 2013) . Kanoe et al. (1978) have reported on isolation of F. necrophorum from ruminal walls of cattle exhibiting parakeratosis and rumenitis (Table 3) .
There are 2 subspecies of F. necrophorum, subsp. necrophorum and subsp. funduliforme (Shinjo et al., 1991) . These 2 subspecies differ in cell morphology, colony characteristics, growth patterns in broth, and most importantly, in the production of virulence factors (Tadepalli et al., 2009 ). Subspecies necrophorum is more virulent and, thus, more frequently encountered in liver abscesses than subsp. funduliforme, which tends to occur more often in mixed infections (Lechtenberg et al., 1988) . Interestingly, the human clinical strains are clearly distinct from subsp. necrophorum of cattle origin, and are more similar to subsp. funduliforme (Hall et al., 1997; Tadepalli et al., 2008) . The difference in virulence correlates with the difference in virulence factors between the 2 subspecies, with leukotoxin being the major virulence factor involved in the infection (Emery and Vaughan, 1986; Tan et al., 1996; Narayanan et al., 2003; Nagaraja et al., 2005) . Leukotoxin is an exotoxin, composed of protein that is cytotoxic to neutrophils, macrophages, hepatocytes, and possibly to ruminal epithelial cells (Narayanan et al., 2002) . Subsp. necrophorum produces more leukotoxin than funduliforme (Coyle-Dennis and Lauerman, 1979; Emery et al., 1985; Tan et al., 1992) , and isolates from liver abscesses tend to be more leukotoxic than isolates from the rumen, indicating a selective advantage for high-leukotoxin-producing strains to survive in the ruminal epithelium and in the liver parenchymal tissue (Tan et al., 1994) . Leukotoxin is encoded by a gene designated as lktA, which is the second gene in a 3-gene operon of lktB, lktA, and lktC (Narayanan et al., 2001 ). The lktA leukotoxin gene ORF is 9726 bp, encoding a protein of 3,241 amino acids with a molecular weight of 336,956 da. The toxin is considerably greater in molecular weight than leukotoxins produced by other bacteria and has no significant sequence similarity to any other bacterial toxins described (Narayanan et al., 2002) . The LktB protein of the lktB is believed to be involved in the secretion of the leukotoxin by F. necrophorum. The biological function of the LktC protein has not been determined. The subsp. funduliforme lkt operon is organized identically to the subsp. necrophorum operon. Although the overall sequence similarity of the Lkt proteins is high between the 2 subspecies (87% and 88%, respectively), the LktA and LktB proteins have significant differences in their N-terminal sequences (Tadepalli et al., 2009) . The decreased production of leukotoxin by subsp. funduliforme appears to be because of weak promoter activity compared with subsp. necrophorum (Zhang et al., 2006) . The importance of leukotoxin as a virulence factor is indicated by the correlation between toxin production and abscess formation in laboratory animals (Coyle-Dennis and Lauerman, 1979), inability of nonleukotoxin-producing strains to cause foot abscesses (Emery et al., 1985) , and a relationship between antileukotoxin antibody titers and protection against infection (Saginala et al., 1997) .
Trueperella pyogenes
Trueperella pyogenes is a Gram-positive, rodshaped, and facultatively-anaerobic organism, which is frequently isolated as a single or mixed culture from a variety of pyogenic infections in animals (Nagaraja, 2013; Ribeiro et al., 2015) . The organism exists as a Kanoe et al. (1978) .
2 Adapted from Narayanan et al. (1998) .
commensal on mucous membranes of the upper respiratory and digestive tracts of animals (Biberstein, 1990) . The source of T. pyogenes in liver abscesses appears to be the ruminal wall and is more frequently isolated from the ruminal wall than the contents (Table  3 ; Narayanan et al., 1998) . Because it is a facultative anaerobe, its niche is more likely to be the ruminal wall where oxygen is available from the blood circulation in an otherwise anaerobic environment of the rumen. Trueperella pyogenes is the second most frequently isolated pathogen in liver abscesses (Tan et al., 1996) . The frequent association of T. pyogenes with F. necrophorum, not only in liver abscesses, but also in foot rot and abscesses in cattle (Nagaraja et al., 2005) and metritis in dairy cows (Bicalho et al., 2012) , is because of the nutritional and pathogenic synergy between the 2 species (Tadepalli et al., 2009) . Generally, the occurrence of T. pyogenes is around 2% to 20% of liver abscesses (Nagaraja et al., 1996a) . However, in certain situations, the prevalence of T. pyogenes in liver abscesses is greater. For example, in liver abscesses that occur in cattle that received tylosin in the feed, the prevalence of T. pyogenes was 53% compared with only 10% in liver abscesses of cattle originating from feed yards that traditionally do not feed tylosin . The greater prevalence of T. pyogenes in liver abscesses of tylosin-fed cattle is somewhat surprising because the organism, being Gram positive, is susceptible to tylosin and also to monensin, an ionophore that is often included with tylosin (Tan et al., 1994) . Possibly, the association of T. pyogenes with the ruminal wall prevents exposure to inhibitory concentrations of tylosin and monensin . Additionally, liver abscesses of cull dairy cows have a high prevalence of T. pyogenes compared with feedlot cattle (Table 2 ; Purvis, 2006) . The greater prevalence of T. pyogenes in liver abscesses may be related to the extent of ruminal damage and lesions. This may be related to damage caused to the rumen by lack of roughage or high acidity; greater damage increases the likelihood of T. pyogenes entering into the portal circulation to reach the liver. In rare instances, T. pyogenes is the only organism isolated (Nagaraja and Lechtenberg, 2007) from liver abscesses, which raises the question of whether the organism alone could cause liver abscesses. In a study reported in a Scientific Update on Rumensin and Tylan (Lechtenberg et al., 1993) , steers inoculated intraportally, via ultrasoundguided, percutaneous catheter, with T. pyogenes in pure culture did not develop abscesses. However, in combination with F. necrophorum culture supernatant steers developed liver abscesses suggesting that possibly leukotoxin is necessary for T. pyogenes to survive in the liver and contribute to the development of abscesses (Table 4) . The principal virulence factor of T. pyogenes is a hemolysin, called pyolysin, which is also cytotoxic to polymorphonuclear cells (Billington et al., 1997) . Other virulence factors such as proteases, DNases, neuraminidases, and extracellular matrixbinding protein are involved in the adherence, colonization, and pathogenicity (Jost and Billington, 2005) .
CONTROL
The control of liver abscesses in feedlot cattle has largely depended on the use of antimicrobial compounds in the feed combined with prudent nutritional management to minimize occurrence of ruminal acidosis and subsequent rumenitis. Based on the Feed Additive Compendium, 6 antibiotics (bacitracin methylene disalicylate, chlortetracycline, neomycin sulfate in combination with oxytetracycline, oxytetracycline, tylosin, and virginiamycin) are approved for the prevention of liver abscesses in feedlot cattle Lechtenberg et al. (1993) .
2 One steer had inflammatory zine but no abscess.
3 One steer was excluded because the challenge was administered into the hepatic parenchyma, not portal vein. 4 One steer had hepatic lymph node hypertrophy and had no abscess at necropsy. (Lundeen, 2013) . These antibiotics vary in their inhibitory effects on F. necrophorum and A. pyogenes and their effectiveness in preventing liver abscesses . Tylosin, a macrolide, is the most effective antibiotic and the most commonly used feed additive (8 to 10 g/ton to provide 60 to 90 mg•animal -1 •d -1 ) in the feedlot. The mode of action of tylosin is believed to be its inhibitory effect on F. necrophorum in the rumen, in the liver, or both (Nagaraja and Lechtenberg, 2007) . A meta-analysis on liver abscess risks of cattle receiving tylosin vs. cattle not receiving tylosin in conventional feeding systems showed that the feeding of tylosin reduced the risk of liver abscesses from 30% to 8% (Wileman et al., 2009) . The incidence of liver abscesses in tylosin-fed cattle may be because of the development of resistance in F. necrophorum or abscesses caused by bacteria other than F. necrophorum. In a study that compared the antimicrobial susceptibilities of bacterial isolates between liver abscesses of cattle that originated from feed yards that fed tylosin or no tylosin, the mean minimum inhibitory concentrations of tylosin to F. necrophorum and T. pyogenes did not differ between the 2 groups . Although there is no evidence of resistance development in F. necrophorum, the future of tylosin use as a feed additive in feedlot cattle is uncertain. In April 2012, the Center for Veterinary Medicine of the US Food and Drug Administration issued a document titled "The Judicious Use of Medically Important Antimicrobial Drugs in Food Producing Animals" (FDA, 2012) that provided nonbinding recommendations, based on 2 principles: 1) limit medically-important antimicrobial drugs to uses in animals that are considered necessary for assuring animal health, and 2) limit medically-important antimicrobial drugs to use in animals that include veterinary oversight or consultation. Therefore, because of the risk that antimicrobial resistance poses to public health, the use of medicallyimportant antimicrobial drugs for production purposes in food animals does not represent a judicious use of these drugs. In contrast, the guidance suggests that antibiotics for the treatment, control, and prevention of specific diseases to be therapeutic uses, which are necessary for assuring the health of food animals. Because tylosin is used to prevent liver abscesses and not intended for growth promotion, it could be categorized as use to assure animal health. Regardless, beginning January 2017, the use of tylosin in feedlot cattle for the prevention of liver abscesses will be under veterinary oversight (FDA, 2013) .
Although tylosin is widely used in the feedlot industry, there is considerable interest in evaluating antibiotic alternatives, such as essential oils and vaccines, to control liver abscesses. Elwakeel et al. (2013) evaluated 5 essential oils (eugenol, vanillin, thymol, guaiacol, and limonene) and of a commercial product, CRINA (DSM Nutritional Products, Parsipanny, NJ) on the growth of F. necrophorum and observed that limonene, at 20 or 100 mg/mL, and thymol, at 100 mg/ mL, inhibited F. necrophorum growth, whereas eugenol, guaiacol, vanillin, and CRINA had no effect. The failure of CRINA to inhibit F. necrophorum was likely because of low concentrations of limonene and thymol in the product. The antimicrobial activity of essential oils is attributed to the disruption of the cytoplasmic membrane of the bacterial cells (Nazzaro et al., 2013) . In a feedlot study in cattle fed a finishing diet, inclusion of CRINA containing limonene and thymol tended to reduce the incidence of liver abscesses compared with the control, but the difference was not significant (Meyer et al., 2009 ).
Vaccine Approach
Because liver abscess is a bacterial infection and the pathogenicity and virulence factors of F. necrophorum have been studied widely for many years, there has been considerable interest and efforts to develop an effective vaccine . The use of vaccines has dual benefits; control of liver abscesses and alleviation of public health concerns associated with the continuous use of medically-important antimicrobials in feed. Thus far, 2 vaccines have reached commercial application. One was a F. necrophorum bacterin (Fusogard, Elanco Animal Health) approved for the control of liver abscesses and foot rot in cattle. The second vaccine (marketed as Centurion by Merck Animal Health, Omaha, NE) was a combination of leukotoxoid of F. necrophorum and a T. pyogene bacterin, which was shown to reduce the prevalence of liver abscesses in feedlot cattle (Jones et al., 2004) . However, this vaccine is no longer commercially available. In a randomized and blinded field trial, Checkley et al. (2005) reported that Fusogard vaccination reduced prevalence of A or A+ liver abscesses in cattle with a low prevalence (10%), but was not effective in cattle with a high prevalence (30%) of liver abscesses. Fox et al. (2009) conducted a study to evaluate the efficacy of the 2 commercial vaccines available at the time in natural-fed feedlot cattle. Feedlot cattle (n = 1,307) were randomly assigned to 1 of 3 treatments: no vaccine (control) or vaccination with either Fusogard or Centurion and all animals were fed a diet of 73% steam-flaked corn and 13% roughage. Cattle were harvested after 238 d on feed, and the incidence of total liver abscesses and severe liver abscesses (A+) was relatively high (56% and 39%, re-spectively). Both vaccines did not affect the incidence of total liver abscesses and severe liver abscesses. It is possible that the lack of vaccination effect may be because of the length of feeding of cattle (i.e., 238 d) in the natural production system. Machado et al. (2014) reported on subcutaneous immunization with vaccine formulations containing different combinations of proteins of E. coli, F. necrophorum, and T. pyogenes to prevent puerperal metritis, leading to improved reproduction in dairy cows. Narayanan et al. (2003) evaluated the efficacy of recombinant leukotoxin of F. necrophorum in a mouse model for liver abscesses. The gene encoding the leukotoxin (lktA) in F. necrophorum was cloned, sequenced, and expressed in E. coli (Narayanan et al., 2001 ). Because of low expression levels, problems associated with purifying full-length recombinant protein, and of the physical instability of the protein, 5 overlapping leukotoxin gene truncations were constructed. Five recombinant polypeptides (BSBSE, SX, GAS, SH, and FINAL) were expressed in E. coli and purified by Ni-affinity chromatography (Narayanan et al., 2001 ). All polypeptides were immunogenic; 2 polypeptides (BSBSE and SH) induced significant protection in mice against F. necrophorum infection. The protection was superior to the full-length native leukotoxin or inactivated culture supernatant containing leukotoxoid (Narayanan et al., 2003) . However, the efficacy of the recombinant Lkt polypeptides in cattle has not been evaluated. Another antigen of F. necrophorum that has been targeted as a potential candidate for vaccine development is outer membrane proteins, which mediate adhesion of F. necrophorum to bovine cells (Kumar et al., 2013) . Interestingly, the outer membrane profile of subsp. necrophorum is different from that of the subsp. funduliforme (Kumar et al., 2014) . Bacterial adhesion is a critical step in the establishment of infection and disease pathogenesis of many Gram-negative bacterial species (Bavington and Page, 2005 ). An outer membrane protein of 42.4 kDa, which binds with high affinity to the bovine endothelial cells and to which antibodies are present in the sera from liver abscessed cattle has been described (Kumar et al., 2015) . A similar protein, called FomA, has been characterized in another species of Fusobacterium, F. nucleatum, a human oral pathogen (Han et al., 2005) . A vaccine prepared using FomA of F. nucleatum has been shown to prevent oral infections in a mouse model (Liu et al., 2010) . Further studies are needed to assess outer membrane protein as a potential vaccine candidate to control liver abscess in feedlot cattle.
SUMMARY AND CONCLUSIONS
Liver abscesses continue to be of significant economic concern to the feedlot industry. The incidence of total liver abscesses, particularly the severe form (A+), is greater in Holstein steers raised for beef production and in cull dairy cows than in beef breeds, but reasons are not known. A recent report on isolation of Salmonella enterica in liver abscesses is a novel finding, but the role and the importance need to be investigated. Although tylosin is widely used to control of liver abscesses, the use will be under veterinary oversight beginning of 2017. There is considerable interest in evaluating antibiotic alternatives, such as essential oils and vaccines, to control liver abscesses. Leukotoxin, an exotoxin and an outer membrane protein of Fusobacterium necrophorum have been the target antigens investigated for the development of vaccines. However, an efficacious vaccine has not been developed yet.
